We investigate two major mechanisms which induce depolarization of electron beams during beam-beam interaction in linear colliders. These are the classical spin precession under the collective field of the oncoming beam, and the spinflip effect from beamstrahlung.
INTRODUCTION
Polarized beams in linear colliders could be an interesting option for high -energy physics experiments.
It seems to be easier to prepare longitudinally polarized electron beams in linear colliders than in storage rings. In a linear collider there is no need for the complicated spin rotator, which is necessary in a storage ring in order to orient the spins to their longitudinal directions and is a serious cause of depolarization.
On the other hand, polarized positron beams may not be easy to achieve in linear colliders. Nevertheless, this is not essential for high energy experiments.
The depolarization process can in principle occur in the damping ring, the linac, and the final focussing system in a linear collider. But these can be largely suppressed as long as the machine is carefully designed. In the present paper we discuss the depolarization due to beam-beam interaction, which is inherent for a linear collider and can not be alleviated.
-Th ere are two mechanisms of spin depolarization induced by the collective electromagnetic field of the oncoming beam, which is transverse to the beam trajectory.
A longitudinally polarized spinor would precess classically under this * Work supported by the Department of Energy, contract DE-AC03-76SF00515.
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field according to. the BMT equation: which can lead to a depolarization. It is well-known that the precession angle is ya times the deflection angle, where 7 is the particle energy in units of the.rest mass and a = 0.0011596 the-coefficient of the anomalous magnetic moment of electron. One can therefore roughly estimate the importance of this-effect with given beam parameters. Yet explicit formula is still needed for more quantitative evaluations.
The other mechanism of depolarization is the Sokolov-Ternov effect: i.e., .the spin-flip effect, during synchrotron radiation. This process tends to polarize spins along the direction of the field. Thus for storage rings the effect tends to polarize the beam in the transverse direction, and for linear colliders it tends to degrade the longitudinal polarization.
In storage rings the polarization length, i.e. velocity of light times the polarization time, is of the scale of the solar system, and the effect is cumulated through long time of beam storage. On the contrary, the depolarization length in a linear collider due to the Sokolov-Ternov effect from beamstrahlungf i.e., the radiation from beam-beam interaction, can be roughly estimated to be of the order milimeter or less, by applying the scaling law available in the classical limit. For quantitative estimations, however, it is necessary to apply the full quantum theory.
_ In this paper, depolarization by classical precession is discussed in the next section, and depolarization by spin-flip radiation in the following section. Depolarizations in the SLC and a TLC are estimated at the end of both sections.
PRECESSION IN THE BEAM-BEAM FIELD
Let us consider the collision of an electron and a positron bunch each consisting N particles with energy +ymc 2. Define the coordinate system as follows: the electron (positron) comes to a collision along positive (negative) s-axis, whose origin is the collision point of the bunch centers. The x -y plane is perpendicular to s-axis. Define zr(z2) as the longitudinal coordinate in the electron (positron) bunch with the origin fixed at the center of each bunch and positive towards the bunch head. The time t is defined such that t = 0 at the instance when the two bunch centers collide. Obviously, zr = s -t and z2 = -s -t. The equation of motion of an electron with the initial condition (x, y, zr) can be written as 
In the high energy region where ya >> 1, the equation of motion of the spin .s', defined in the rest frame, is
regardless of whether the field is electric or magnetic. Here, e', and I?~ are the unit vectors along x and y axes. Since the deflection angle is very small, the longitudinal spin component is nearly equal to S,. We assume that-the initial polarization is longitudinal (st = 1) and the depolarization is not very large. Also, for the moment, we ignore the change of the field due to the pinch effect. Then Eq. (4) can be integrated as
and from Eq. Notice that the derivation was based on round Gaussian bunches while the form factor f(R) f or elliptic cylindrical distributions was multiplied a posteri. All the following formulas are derived in the same manner.
A more interesting quantity is the average longitudinal polarization during the collision, which is a luminosity weighted average; We denote this average by the square bracket [ 1. F or any function of (x, y, s, t), we have 
Actually, a more physical scaling law-is to relate (AP) with the average number of radiated photons per electron, which can be given by
where n,l is the average number of photons calculated by the classical synchrotron radiation formula and CY the fine structure constant. Then, we have 
Thus, in order to have negligible beam-beam depolarization, it is necessary that n,lS4 .
If the actual n,l can be obtained by computer simulations or by other means, one can estimate the depolarization readily. The inequality in Eq. (27) is generally satisfied in several existing designs of linear colliders, although it is only marginal in some cases.
In the use of the above expressions, the following considerations should be taken:
First, when the ratio [ of the critical energy of radiation to the initial beam energy is large, i.e., when beamstrahlung is in the so-called quantum regime, n,l is not equal to the actual average number of photons n7. The latter has to be cai&lated using the quantum theory. The two quantities are related by ny = n,lUo([), where Ua(<), to b e e ne in the next section, is a slowly decreasing d fi d function of t and Un(0) = 1 ( see Fig. 1 ). Therefore, if one uses ny instead of ncl, Eqs. (25) and (26) will give an under estimation of depolarization.
Since, however, the variation of Uo is very slow, the difference is only by a factor 0.7 even for e -0.5. .which is not equal to I&t)].
In this sense, therefore, Eq. (25) gives an overestimation of the depolarization, and it is correct only if (a) the orbit is confined 
is of the order unity, a particle can in general cross the axis within the oncoming bunch and be bent backwards, causing a change of sign in d$/dt. For D >> 1, particles will oscillate about the axis by the strong focusing force of the oncoming beam, and d$/dt will change sign frequently. In that situation the problem has to-be treated vectorially, and becomes rather intricate.
Third, for very flat beams, i.e., Q, >> gy, we expect D, >> D, and D, << 1.
Computer simulations on the rms deflecting angles using the code ABEL5 show that, for Gaussian beams,
where the overall coefficient corresponds to the analytic expression for small disruptions. In practice, the denominator in the above equation can be removed for j = x since typically D, < 1.
The final depolarization is then given by Computer simulation further shows that the average number of photons radiated per electron is ny = 1.33. From Fig. 1 and with the estimated to, we find n,l to be around 2. Thus we expect that (AP) N 0.024 and [API N 0.007, which are also reasonably small.
SPIN-FLIP RADIATION
As is well-known, the electron (positron) beam in storage rings tend to polarize anti-parallel (parallel) to the guiding magnetic field by the spin-flip radiation, which is called the Sokolov-Ternov effect. The spin-flip transition rate of an unpolarized electron, i.e., the average of the up-down and the down-up transition ra@s, is given by 
where X, is the Compton wavelength of electron. The polarization time ranges from several minutes to several hours for storage rings. For linear colliders the characteristic time is much shorter because of the generally strong beam-beam field and the high beam energy. In the case of TLC, the above expression gives the polarization time of the order of picoseconds, which is not negligible when compared with the bunch length. 'Because the beam-beam field is perpendicular to the particle orbit and because we are interested in the longitudinal polarization, the Sokolov-Ternov effect leads to a depolarization in this case.
The above expression, again, is not directly applicable to the TeV linear colliders if the beamstrahlung is in the quantum regime. When the critical energy uc of the synchrotron radiation spectrum is comparable to or larger than the beam energy ymc2, we have to employ the quantum theory of radiation.
Define the parameter [ as 3 XeY2
In fact, the expression (33) corresponds to the first non-trivial order in the expansion in terms of t:
where dn,l/dt, defined in Eq. (21), is the rate of (spin non-flip) radiation by the classical theory.
The spectrum formula of radiation in the full quantum theory was first derived also by Sokolov and Ternov.7 When the field is perpendicular to the orbit and the electron is polarized longitudinally, the spectrum of photons is given by 
which differs from Eq. (35) by a factor 7/9 b ecause this is the transition rate of longitudinal spin. As [ becomes larger, the spin-flip rate increases to a broad maximum around [ = 4 and then decreases as logt/t.
The ratio of the spinflip rate to the total photon emission rate reaches a maximum of 0.0200 around ( = 11.
In order to get the depolarization, we have to integrate WL over the time and average it over the transverse distribution. 
